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An Flectron Spectroscopla Investigation of the

Interaction of Methanol with Polycrystalline >~:sw==a.nsv

J.W. Rogors, an..ﬁvv R.L. xasno.nnv J.M., White
Deportaent of Chemisctry

University of Texas
fustin, Texas 78712

Abstrace

X-cray and ultraviclet photoelectron spectroscopic results are
repcreed for the interaction of ozucz with clean polycrystalline Al
1n the temperature rcange 110-500 K. Methanol 18 molecularly chemisorbed
3z icw exposure and low teaperarure (110 K followed vwxnosamsmnnnoa at
hizner exposure. .Bonding mechanisms and geometries in the condensed
and snecisordbed lavers ate discussed. The multilayers desorb beginning
neat 170 K and tne chemisorbed layer is converted into a surface methoxide.
foon temperature adsorption also leads to formation of the methoxide

aezies which £is stable to ~500 K, at which point it decomposes evolving

14

Cd. and ieaves the surface oxidized.
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1.0. Iantroductfon %
Being the building bleck for miny important synthetic reactions as well it

ar having an increasingly important role in the growiny energy crisis, the w
ulf

production of CH4OH is jncreasing =====~pwm~u. The fact that Cii, ol caa he nixed

with gasoline to iwmprove engine performance mnu. used as a feedscock Lo precuce i

gasoline (3], used alone 23 a fuel {4}, or used as a hydrogen tarrier ia fuel 3

cel) technology illustrates fts importance. its reactions dad bebavior on it

various catalysts and in a variety of environuents 1is clearly impurtant.
On a fundamental level CHyOH 18 atructurally simple, well snderstced

ctheoretically hmu. and, being {ts smallest member,

represents a broad class
.

of organic compounds, the alcohiols, In adéitfon its gus phase UsS sid A7C !

gpectra are well understood which, coupled with its high vapor pressure at reom
temperature, mekes it attractive for adsorbate studies on various substrates.
As such it has been studied on single crystal N& mu.mu. W ﬁo.um_. Ru m~uu. and
Cu mw&u. as well as polycrystalline Pd Mwwu. Ita iatcraction cn nom-ﬁnuu.
oxidized Cu HHMu. and both single crystal and polycrysialline Zno @u.p& Fave
also been reported.

On transition metals, condensation oceurs al low texperatire (~8i=7 7>
and a methoxide compiex has been identiffed in Lhic L5U-180 ¥ texjeratunie vwrge.
At room tcmperature n:uoz decomposes to CO and hydrogen on these relai<,
present aetudy was prompted by our interest in the study of chemisorption on
non~transition metals and their oxides. A preliminary report oa this lavesuvi~- :
gation has been presented clscwhere mwuuu in this paper we report both UPS and _

XPS data for the adeorption and decomposition of CH,OH on Al over the H

temperature range 110-500 X, ] i
ot M
ol 2
(&N o] ﬂ
. g > oL — ,
o - 5w &
= m Mw Ao “u” ;.:3
w g oo < : ”
. Lea B £32 fo BTN [, !
1] -t . * . B L MTre—
0 B4 H . :
ol & i
. 19 ) .,
e Qoo s
< 2854 Ay
. bl o AT MR R NN




2.0. Experimental

The data were taken on a PHI Model 548 electron spectrometer using pulse
counting techniques and stored on a digital signal averager. A 20 aV window
was typically scanned 16 times at a rate of 1.56 eV/sec. This gave typfcal
count rates of 200 cps in XPS and 50 cps in the He IX UPS. Binding energies
~ere referenced to tha Fermi level of Al; in this manner the measured AlQ4)
52 was 117.6 eV. The ClA was operated in the retarding mode at a constant
resolution of 0.4 eV (FWii¥) for ilc II and 1.6 eV for XPS. The photoelectric
work function was measured from the width of the kinetic energy distribution
by applying a small negative bflas (3-6 volts) to accurately determine the onset
of secondary emission. The XPS data were taken with a Mg K& source and

the UPS data with a differentially pumped He-discharge source.

Tue sacple consisted of ~1 nﬂ~ of 99.999% Al foil which was clamped to

a4 buttos heater assombly. The latter could be cooled to 106 K
aucd heated to 700 K and {ts temperature was monitored with an
attached chromel~alumel thermocouple.

Methanol was admitted to the sample through a carefully calibrated meu
=tlti~channel array doser from a dynam{cally pumped ballast. The doser was
situated less than 0.5 co froa the sample. By this pethod a one Langmuir
[¢1VR uouo terr-sec) nxuom exposure could be obtained in 150 sec while
elicinatieg flux gradicnts across the surface and without raising the total
system pregsure above 9 x »otuo tore.

The Al saople vas cleaned ac room temperature by >n+ ion bombardment at
5KV (8 anuyntunn\na~v. The initial cleaning took abour 11 h while subsequent

cleanings, after exposure to oﬁuom. required 0.5 h. The sample was not

acncaled after gputtering,
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3.0, Resuylts

—

3.1. Low Temparaturc Adsorption of CH,OH
The XS spectral features of both subetrate and adsorbate transitions

clearly indicate that, below 130 K, CH_OH is nondJssociatively adsorbed at lew

3
exposures and is condensed at high exposures, These vesults arxe precented in
the ensuing paragraphs with further conffimation conming from the UPS results
presented in Sec. 3.2,

3.1.1. gChanges in XPS Spectrnl Feat 'res ss a Function of Exposure

LA ) o e T o

The 0(ls) and C(1s) regions as a function of nzuom exposure at 110 X are
shown in Fig. 1. With increasing o=uo= exposure the 0(1s) traasizfon Increases In
intensity and BE while its peek width decreases at higher cxposures as scen in
spectra a-c. Similar behavior is noted for the C(ls} tranaitfon in curves d-f.
The extent of n:uoz decomposition can be detersined by comparing 0(1s) and C(1s)
relative peak arcas. After correcting the arca of curve b for analjzer transmiusics
and scaling its area by the C(1s8)/0(1s) sensitivity ratlo, & C(1s) pesk arco vithin
4% of that of ¢ in obtained. This indfcates that very little, if any, n=u¢= is
decouposed to form >p~ou in contrast to the interaction of D,0 with AL ﬂ»m.uog
where extensive decomposition occurs. This conclusfon {s supporteq

by measurewents on the Al1{2s) BE and the UPS spectra of adsorbed

apacies as discussed below. In view of this, the BE's of 532,2 and 286.74V

for the 0(ls) and C(ls) respectively are assigned to molecular nmuoz.
The BE'Ss from Fig. 1 are summarized in Table 1. .

A small amount of oxygen (not shown) recafns after sputter cleanfng; ic {a
comprised of surface and gsubsurface oxygen and {n equivalent to less than 5% of a
surface monolayex. Its BE Lo near 531.5 eV which is close to that of bulk >u~ou
{531,3 V),
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The 0(1ls) relative peak area versus n:uoz axposure (~120 K) is plotted
{n Fig. 2. There is a monotonic increase to a limiting value at 150 L. At
this low temperature, multilayer formation occurs and the limiting value of
the 0(1s) peak area is reached when the thickness of condensed n=u0= becomes
greater than the analysis depth of 50 4 nnnnonsﬁsaa by the electron kinetic
energy).

The exposure at which multilayer formation “egins cannot be determined
froa the ftgure, but can be estimated from the attenuation of the substrate-
derived Al(2s) intensity as follows. Fig. 3a displays the Al(28) relative
inteasity as a function c¢ n:uo= coverage (from Fig. 2), As expected, the

Al(2s) intensity is attenuated as the n:uoz covarage increases, Assuming

a uniform overlayer, the nultilayer thickness, in ». can be approximated fron

Ia1 expi-d/A} 1)

where I and no are the intensity of adsorbate covered and clean Al, d is
the sultilayer depth and M 2a the Al(2s) attenuation length (17 A {18,23]).
Purther assuming CH,OH to be a hard sphere of diameter 4.5 X Hw~u. the number
of wwiccular layers at several coverages can be calculated and are indicated
on the figure. Noteworthy ie the completion of one monolayer at a relative
coveraze of 0.34, This {s important in the discusaion of the bahavior of peak
widths and BE's presented below.

~he 3E of the C(ls) and 0(ls) transitions us a function of relative
n=uom coverage 1s shown in Fig. 3b, Both fncreasc with covarage until the
first wonoloayer (6 =0.4 ) 1s completed, With further adsorption there is
a regfon of constant BE to @ =0.7 after which increases are noted to limiting

values of $34.5 and 288.3 eV for the 0(1s) and C(ls) transitions respectively.

i 4 it 4

-
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Notice that 0(1s) BE's are shown at low exposure with no corresponding
€(ls) BE. This fa due to (1) the exiatence of some rceidual oxide-like 0(ls)
signal after cleaning that is attributable to sub-surface oxygen as previously
mentioned, and (2) the higher relative sanajtivity for oxygen as cozpared
to carbon, makes the former detectnble at lower concentration than the lacter.
The presence of 0(ls) intensity and the absence of corresponding C(ls) intensity
at low exposure is therefore not an indication of nzucz dissociation.

msn general behavior of the 1s BE's shown j§n Flg 3b, in conjunction
with the multilayer depths as a fuaction of coverage from Fig. Ja, sug,ests j
the following interpretation. The BE's for sub-monolayer coverages of
molecularly adsorbed n=uo= are §32.3 2.3 and 286.7 £.3 eV for 0(ls) and
C(la) respectively. Aa condensation beging, tF BE's of both levels shift o |
higher values (533.3 and 287.2 eV respectively) characteristic of the =ulti-
layer and remain constant to a coverage neav 0.7 (4 wolecular layers).
Further cxposure produces a condensed layer which {s thick enough to insure
that no metal derived relaxatfon effects occur in the final state. The
BE's thus increase to limiting values of 534.4 and
268.3 eV at cxposures of 150 L (the highest exposure of the preseat study).
Surface charging in the condensed layer was not a problen at these coverages
a8 tested with two methods suggested by Briggs meu.

Those results show that the O and € 1s levels ore relaxed by at least
2.1 and 1.6 eV respectively as colculated from BE differences at relative
coverages of 1,0 and 0.2, These final state effects are due to extra-atozic

relaxation. Th2 actual extra-atomic relaxatfon energy is defined as the BE differen

between equivalent levels in chemlsorbed and gas phase CH,0H. For n=uow\
these values are 3.7 and 2.7 eV for tha 0 and C 1o levels respactively. The

coxe hole size and the kinetic energics of the 0(1ls) and C(ls) rhotoclectrons




can account for part of the difference in relaxation energy between these two

levels, but not a difference as large as 1 eV. If tho oxygen and of the molo-

cule is bonded to the surface, elactrostatizs involving the diatance of the

Cotbon and oxygen atom from the image planc of the surface can account for

the addicional shife @au. A good diacussion of the effect of

distance fronm the surface on core level bindlng energies has been

3iven by Flsher gr al. mnmu for the case of SF, physisorbed on Ru(031).

Even more interesting is the spacing between the O and € 1ls levels
in the adsorbed phase. It Is consistently 0.5 ¢V less than the gas phase
spacing even at low exposure. The origin of such a lorge differen-
tial shift in energy levels between the gas and condensed phases may be due in
Pars to substrate-related relaxation effects 4L the adsorbed layer, It is
tesysing  to ascribe the remainder of the shift to perturbations of the oxygen
core levels arising from hydrogen bond forration in the condensed layer, The
PS risults discusned below confirm that hydrogen bonding shifts tha valence
oroltal encrgies,

We have previously shown that condensation enhances the surface sensi-
tivity of substrate-derived XPS electrons by increasing the bulk-to-surface
attanuazion ratio M.;u. Formation of an ox{dv layer on A}, the depth of which
i5 less than the mean frece path of che Al(2s) electron,
followed by multilayer adsorption of a condenaible gas, leads to a shift to
higher BE of the Al(2s) transition. As cuo condenses on cleun Al such a shift
1s cbserved indicating that the D,0 is dissocisted and the Al substrate oxi-
dized prior to the onset of condensation Awow. The abeence of a similar
shift in the present case is further evidence that nmuoz 1is not dissociated
prior to coandensatioa.

ste behavior of the C and 0 1s peak widths (FWiM) with increasing CH,OH

3
exposure is shown in Fig. 3c. At low coverage, the widths of the transitions

ara 3.2 eV. As coverage increases the widths of both peaks steadily decroase
to limiting values of 2,1 and 2.3 eV for the C and O transitions respectively,
The 1a pesk widths ave expected to be larger at syb-sonolayer coverage than

at high coverage duc to the vuaricty of heterogencous adsorption sites on the
metal surface and, in the case of the 0(1s) transitfon, due to the superposi-
tion of ClH;00 and residual oxtde-l{ke fntensity (which resatns after sputt ing).
After completion of the first monolayer the peak width should stedaily decrease
with further exposure to a limiting value characteristic of condensed CilyOit.

The limit will be reached whan the multilayer depth achicves proportions ac

least as lurge as the analysis depth., This is consistent with the observed
behavior., The C(ls) widths are smaller at each coverage than the correspondy’
0(18) widcha; ~0.1 eV of this is dues to differcnces {n the corc hole Jifetizes

of C and 0 [25).

At an exposure of 150 L, shown 4in ¢ and £ of Fig. 1, n=uo= has condensed
on the surface and the peak widihs arve 2.3 and 2.1 ¢V for the O{ls) and C{1s)
transitions. The O(ls) peak width ia f{dentf{cal to that report °d by Stegbahn,

et al, for condensed CHyOH mmou.

3.1,2, _UPS Resulta: JMoechanism of CH,OH Bending at Low Temperatures

While XPS spectral features arc uscful in measuring relative conceatra-
tions of adsorbed specics and are sensitive to the local chemical environment,
particulars of the bonding swchanism require a probe of the valence levels of
toth the adsorbate and the underlying substrate. In the present case, the
UPS spectral features are particularly revealing,
The gas phase UPS (fw = 21.2 oV) spectrum {27] of Cy0H 18 shown fn

Fig. 4, along with representations of the orbitals from which the transitions

arise ﬁn& . The four bandas were assigned by Eland ﬁuo..— and later clarifiad ,

b st KA Al R

e Y




9

by anlecular orbital caleulat’ons [6,B30}. The first band, labelled ]

2a", ariesy through the fonizat >n of clectrons in an out-of=-plane,

non=sonding orbical on oxygen. A companion orbital, which would be

degonerate with the 2a" wera the C~0-H linkage lincar, 1o the 7a’

which deterwines, in part, the H~0-C bond anple. Another pafr of

orbitals, 1a" and Sa’', would also be depenerate were H~0-C

1inear. These orbitals are largely asuoclated with the methyl group,

but the latrter fuvolves the C~0-ll reglon as well. The 6a' orbltal 1w

a O-bondiny H-0-C-Ul orbital. Another fon{zacfion, not shown in Fig., 4,

fu secessible with He II radiatlon. It s labelled 4a' and tnvolves

a weakly~bondlang core~tike €(2%) orhlital,
The IPS spectra for the adsorption and condensation of czuc= on ¢lean

Al az 110-3CO K have been reported previously in a preliminary publication ﬁwuu.

Taes0 specera, shown in Fig. 5, have been partially refnterpreoted {n light of

the XPS results, The BE's ave sumzarized in Table 1. Pifference spectra

are not aecedsary for our purposes due to the essentially {lat nature of the Al

vitence baad shown fn 5a.

Argon~lon sputtered Al exhibics a vioad

io« lutensity peak centered near 7 eV, Thia L8 due to the 0(2p) reson-

aace frowm o small quanctfety of oxygen which remalned after cleaning.

Tha work functfon of polycrysenlline AY, measured (rom the width of

the kinetle energy distribution, {s 4.2 eV, This agrees well with

the average value of the work function for different faces of Al oingle
crystals {31}].

Spectra (d) and (e) in Fig. 5 are for Chjon adsorption at 110 K
and correspond to one munolayer (49 ~ =1.0 eV) and multilayer
(&% = ~1.) eV) respectively. We have used the monolayer coverage

spectrum (d) a3 a reference and have shifted spoctrum (e) 0.6 eV to

would

dun ro

10

L

(o -
lowar binding energy to align tha (1a') transicions (BE = 11.0 o%).

This facilicates

comparison of energles and compensgaten for Lhe (asp of

final state screening in the coadensed multilayer. This alignaenc was

chosen for the following reanon [37).  There extuts euvidence Lhag

alcohola, aldehydes and kecones all bond to wmetals end=on through the

oxygen acom [36]).

Assuaing this te be the case (or the CH,0H/A)

Lot -
system of tha valence orbitals, aone would eapect the m_s:v !

transfition to ba least Jikely to partielpate in a surface bund
-1

{1t Ls not geometrically ortented 1o do we.  The Amw.v

transition would algo tend to be unaffected vecanne of {8 O=character

the (52')"! transtition

Lts methyl character., CGurve o shows the tive well resolvee peans,

slruated betveen 6 wow 19 eV, which are expacted fn this entryy cunge

froe gan phase UPS studies on n__.._c:. Parentherfeanlly we avte tt 4
In Plg., 5¢, the two low fntensicy peaks nt~1.5 oV above and «3 oV
below me are due to excitation of the Tu" and Tu" » Ta’ arhlitals of

condensed n:;:: by e I (dsr15) phorons (ha » 48,351 ¢V).

The experfumental gas phase verctlcol fonfzatlon asansuaa.n_.

from Robin and Kuebler (6} are also displayed {n the figute uftes

refevancing these levals to the Ferml level of spectiuz e,

Thin haw bean done using che constant local work functios :

mathod describad by Bagstromw (37 ). The refercucting is acheived Ly

subtracting from the gas phase IP's both the vork function ot

clenn

aluminum and the change in work function which {3 measured for a

mothanol saturnted surface [BE Amn-ov - Anh - o>~ = dgae?)e The

valuc of >oa=n w «1,3 volts was ured




100 A, - x

! 11

" For choemisorbed layers,

ads

R
gafinad by E =ﬁcmx9u (Ep= 0) = BE (B, = 0)] for an orbical

which 13 known not to participate {n surface bond formation. As

this erdterion. Wo have chesen this orbital for evstimating the

{n the malttlaver Is 0.9 ¢ 0.1 eV (Sce

? wheth the chesisorbed sp

Yoatow aa additional shife of 0.4 ¢V to higher BE., We do

sut underszand the difforeatial shift of cthe %a' Loalzation and

give sone electronie rearranpement at the carbon. The shift of

hondlng {n the condeansod multilayer.

the hydrogen bond atrengths are similax (6.2 and 4.5 kcal mole

for CH,0H and W,0 [40]), wo expect similar differential shifts,
3 2

uwhile Cly OH docs not.

extra~atanic relaxation/polavization enargy for valeuwce lovels is

gentivaned above, we conslder that the ﬂr: orbltal wmost ncarly [ulfills

exitra~atoaic ralaxation policrization encrgy even fa the multflayer

) spectra and, on this basis, the valence orbital ralaxatlen onergy
able [ and roemenber that

tne condensed phase specerun has been shifted 0.6 oV to align ¢
trum), Withiln exparimental error, the mw..

= oyt ‘ 2
9a' and 2. athitals are relaxed by the same amount while the 7a

only notae that simila’r differcencial shifts of analogous C(28) orbitnla
hive been observed where vehybridizacion securs durdng chenisorption

£39). fo the presont multdlayer case, strong hydrogon bonding may

the Ta' is faterpreted as an inftial state cffoect dua to hydrogen

Therve iw some support for thias polint of viaw {n the analogoun
CPS spectral features of fce {39) where the u=~ orbital was shifted
| furcther from fts gas phase valuo than the wrw orhital. Thias differ~
! entlal shife i3 acttribucable to hydrogen bonding. The corresponding

! ¢rbitals in methanol are the 7a' and the 6a' respectively. Since
-1

This conparison cannot be pushed too for since H;0 forms a totrahedral erystal

(sL)

n=os»=o«=nnaé\cn n=uo= at 110 X {g shown fn curve d.  Fhe relative
intenuitics of che ww. and wﬂ. orbitals have Increased with respect to the
mu_\ww: orbitnls as compared to tha condensed phase. 7The larg. decrease in
intendity and epparent broadeniug of the 20" peak as well as a slighe shifc [»0.1
to higher BE {o evidence that bonding to the Al {5 occurring through the
lone~pair elactrons on oxygen as hay heen the cane in peneral for aleohol~type
molecules on metals Hu@u. Vibrational broadening of this loval is
tndicative  of a atrong boading fntaractfon with the surface. The negative vark
functlon changu, AP = ~1.0 eV, nccompanying chemluorpiion of nzunz during a % 1L
exposure supports the conclusion that the onygen end of the molecule

bonds ro the surface. The exfsteace of four peaks in the valence replZon

suggests that this specles Lo moleculacly choemisorbed without claavane

of the hydroxyl hydrogen.

The conatant local work functfon method o

alwo Le applicd

to Lhe saturated cheafsorbed mathanol syntea te dotornine an orbital

rolaxation energy. The work functloen change for this sacuration
case Ly AP = -1.0 aV and, with raspect to the gau phase, the
rolaxatton energy 38 1.2 & 0,1 oV an compared to 6.9 oV in the
saturated multllayoer case. Comparlug gpoctra 5d and Se, indicatcs

A mojor differontial shift of the 7o' orbicak (0.6 V) and a snaller

shift of the %u' ovbital (0.3 ¢V). Thure i{s no amearuradle diffwrential
shift in che other lonlzations. Since the Ta' orbital s heavily
involved in wstabliahing the C~O0~U angle o sterle distertion in

thin region due to tho close proximity of the O-H and lone palr-
surface bondn could cauvse such a differencial shifr., Both caleunla=

tion and oxpuriment have shown ohifis of similar magnf{tude in the

CH4O0H/N1 (111) oystem (30].
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Conparaed to the gas phano and vafavenced to the Ta"/6a’ palr,

~

) Sa' orbitula are differontially ahified to lowar

the 22", 72" aund
BE by o small amount (-0.15 aV) whilo the Ta' In difforantially
ahifted to higher values by about tha same amount. This can be
faterprated coasonably In toves of o molocularly adsorbed methanol
speclas perturbed slightly from {tas gas phase goometry, but perturbaed

ta a way that (s distinguishable from wultilayer methanol,

Robin and Kueblor _“o“_ have shown that the 2a" and 7a' orbitals would ba
dagansrate if n:«o: vare o cylindrical neleeuln with a linear C-0=H portion
wherg N 19 che hydroxyl hydrogen. Thus, a storic distortion that tends to

sereane the C=0=H angle should abife the BE's of the mﬂ: and W\:.
Tloner tegataer. Howevar, the Sa' and mu: orbital

as are also degenorace and should shife toward o couwmon BB undar thene
condltlons. Frow the BE's listed In Table 1, this doeson't appear to he the
cane, dut it ahould be resemberod that the Qn.JL and Aoa.v..p transitionn

sadly overlapped aad such o shift could be wmanifeuated in a broadening of
"mﬂ..v..u:mmn. vcw band cather than a ahift fn the Sa' BE with raspoct to

e peaxk zaximua. This may vory well be the cano, but it {e difficult to

tall frow Fig. S.

14

Adnorption at Hisher wratuzon and the Thepeal Stabitity of Mueried

Cil Ot nnd_ Mathoxid

Do AL BES SR A oA L

3
3.2.1. lLow Tewpnrature Adnorptton of CH O Plus Heat

Flgure 6 uhows the behavior of the 0, C aud AL core~level relative pesk

arnas for a condenned multilayor of Gl 0N as the surface temperatura g 4lzswly

3
incroasad, Inftially, the Al substrate was exposed to 30 ' of nz,._o: ar L oX,
The surface temporature was then railsed to the fndlcated termperitures by
teruinatfon of the lquid nitrogen flow and {rsedlately racooled for wraotrc-
scople analysfs, The AN(28) poak areas ware norealized 2o the walue feor
clean Al whila the € and O (18) areas wore normalizad to the values ceac. rod
for tha fndtially condensed mulc!layer,

Begluning at 2260 K, the € and 0 areas decrease rapidly e a consiant
valua of v0.3.  The O(ls)/AL(20) inteprated peak aren vatlos at 260 K arg
within 172 of those for a saturated roonm tenperature adsorpzion of CH, 0k,

3
indicating thac ~1 monclayer of a chemlsoibed, ¢ w.z:_,aaieﬁ.- mulely romaine

on the surface after desorplion of che condensed reltilayer o G acurssnt «4c.
the decrease in 2.5 oxygen and carbon slgnals s an Incressae Lo chie A (In)
algnal as the sultilayers desorb. The Al peak arca at 260 X {a also ce 3
to thae s_.n...:..?_. fron aaturat fon c__uo__ COVErARG at roon fenperature. 1o
overlayer dapth at this temperature, as estimated from the Al(2s) relatine
peuk arca in 3.7 ». and annuming a n:uo: dlamater ol roughly ....u..n. this i
in good agreonent with a monvlnyer of chenisorbed wpecies reraining after
dosorption of the multilayer.

Indepandant therial desorption mensurements (TDS) at a heating rate of
13 X/sae. show that n=uc= {s molecularly desorbed, the dosorption tempera-
ture maxiwum baing .—.uou = 187 K. Asguming first-order deyorption and pre-

13 1

exponential factor of 10~ sec. , this corresponds to an activatfon energy of

desorpeion of By . = 10,8 keal/wole T& This value is within 4% of that

A
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calculated from the reportad desorption towmporaturos for nzuoz condongad on
RL(I0W) auu and 18 within 16X of tha heat of vaporization of n=wc= raportad
by Edwards ﬂauu who used & mora appropriate reroth-order vate law for tho
dusorption kinetlcs, )
The work functlon change accompanying condensation of n=uc= {8 =1} eV,
Afeor oultf{layar desorption &% moves from -1.3 to -0,9 oV, The divection
and pagndtude of the work functlon change (compared to the sork function of
clean Al) indicate that a specles with a substantial dfpole moment, *ha nopa-
tive ond facing the surface, rawafns at 260 K. Sone characterinticn of thils
surface species can be determined from changes {n UPS wpecieal fenturas

wieth temporature and from room Lenperature aduorption of nzuo_.

3.2.2. High Temnerarure ddsorpilon of CHLON

i PR AA RN

The UPS (Be » 40.8 ¢V) reglon for tae adsorption of CILOH on clean Al

3
at 300 K {a shown In curves b and ¢ of Fig. 5. They ara afgnificantly
different from those at low temperature (d and ¢) in two respoctar (1) only
thrae peaks are clearly resolvad (nntead of flve, and (2) tha two naln ponku in
tha valence band are broader than thelr countorparts at low temparaturaen. A
shoulder on thu low BE gfdo of tho two pwaks at 6.8 and 10,6 oV fu aloo present.
ha spocias glving rise to thane spectra ware also found by Rubloff on Ni(111)
In tha temperature range of 160-300 K mwc.;au. Tt {a cloar that curve b
derivas from a chemigorbud specfes because the Fermi lovel han not boen atten-
uvated, Tha close romesblence of its three main features vith fenturan in
curves d and @ Indfcatos that a specics with aimilar steactura is responnible
for these spectra. Curves b and ¢ are aunigned as mothoxide, {.e., the O-H
bond of tha hydroxyl group has baen cleavad, for veasons outlined {n the

following paragraphs,

T S RN A U T

ih

-,

AMpuning nothoxide, vug wenld expact tha 1 ¢

to be leant

affoctad sines 1t fo locallzad ou the wethyl proup which does not
participate dircctly In tho surface bond formation, Al the other
orbitals nhown In Flg, 5 would be uxpected to oh!fe since they all

fnvolve the ON raglon of Cly0N. Compariag 5b wnd d¢ 1o %4 aad

- o~ A
fudleates that the Ta*733% and the Sa'/19" arbitals have vhifped

towards one anvther and are oo longer Jerolvabla. Ahe S-douding

i~ P
Fa' arblial doens nor appear Lo ba splic of 0 from the Ta'/Ta" rogton,

but. tha data allow very 1ieele to be safd about this polnt,
A8 noced above, a Hnear 08 portien of a=u0= viuld

wake the 58" nnd La" orblrals wnd the 7a' and 26" orbitals degenorate, Frosm
the obnerved shifts it can bo roncluded chae Lhe Lethoxide spavices his o
C~0~A1l povtion which has a boud augie closer to 2B0° than the analo,ous
C~0=H portion of aduorvied or yasnoun n:«c:. Sincn cha two pescs near 7 ohnd
11 aV 1o ¢ have widthis~d ¥, it {o apparent that each pcak {3 tha sujnrpeni~
tion of two closely spaced trannitfons fndfeat fny that the moluvadds s wet
complotaly linoar (C~0-Al angle ¢ 180%),  This 15 in agressent wich LILS
ronultn for mathoxide on Nt where fo wan shown Lhat the C-0-Ki ongle ts
obliquo Hag. It f{n not uncaasenabla Lo sxpoct a aueface pathoxdde nivce
Al/wothoxide cooploxen constitute a well known, ntable elass of cozpounds

{n horganic chonlstry; transition rotal/vathoxt{de corplexen are known €o
axist for ¥, ¥ and Za (among othars) but have not beon extensively

studled ﬁau.sou.

Oar munt constdar other oxygen containing intormediares which might
produce the epectra shown (n Fig. 5. When the gas phase 1P'e of fornie seld,
formaldehyda and €O are rofersnced to the Fermt level of Al, and suporinposed
ovur the spactra in tha figure, the agreement with the obgerved peaks {8 poor
suggusting that thewe apeclens ave not formed.

The XP8 and thexnal deso¥ption vonults provide further evidence for

wathoxida formation sbova 190 K. The C and O(1a) vegions are shown in Pig. 7
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for Cit, 00 and Araa-oqvnnes at various tomperaturan, Curves a and b rasult fvom

the adsorption of CH,OI at 300 and 110 K reapoctivaly. Tha BE of tha 0(la)
craanicion {8 lewar {n thu lattox case, Adeorption of 0, nt 110100 K (curve @)
fives cioe to an oxygen tranuition at even lower BE. The C(In) rauults for

roon teaperature and low temporatuve CiHy0l adsorption (4 and a) nhow nimilar

sehavie Curvo f shows the offoct of adnorbing Cif,ON at 110 R follawed by

{nereasing the nurf{ace tonparature to 300 K. Tha poaks dn 4 and  have

tdentfcal BE's and slalflar ranults arve obtalnud for tha 0(1s) translition,
The eloctron BE's for the various npeclos ave wwnsarfzad {u Table 1.

=u coordinition atound the oxygen atom would be greater in chomidorbad
CilyOlt than for a sucfaca eathoxide; consequently, the local cloctron donaity
coutd be higher and the DE lewer for the formar, Thio is rofloctoed in the
erpurizental results In that both the carbon and oxygon cove lavels are ohifted

0.4 oV during tha transforoation {ro. chentnorbud Cl30H to wothoxide, This

perturbatlon of thu core Jovule would ba axpectad if tha valance

melg zular orbitals wich significane carbon and oxygon character (6a' and

Sa') ace chenteally shiftad toward & cornon BE an fn cho pradent cade,

he vesults of thormal dosorption meanruronaents aliow that tha
ruthoxpiurfaca complox deconponen at ~500 K, avolving n:> and
leaviag somoe carbon that bs detoctad by AEL. Assvning a valua of —opu
aan.au for the pre~cxpomntial factor of a surface onbancod dacomponition mauu.
and assualng the docozposition to ba first-ordec M»_u. the activation ancrgy
for the tdte liziting step of tha decoxposition is 29,9 keal/mole, No CO,

4,0, or Cli;OR vas dasorbed above room tompeaxature.

Ci, is an unlikaly gas phasa product. without the prosonce of surface

zathoxide. Aluminum methoxida (1iquid phase) docompains to Cly, My, €O

and CH,OCHy in the temporaturs range 573-653 K m»nw. Thers 48 no evidence

for desorption of CH, follovwing adsorption of CH,OH at 300 K on Ni, Ry, or _
W @?S.Su. |

I R bt e
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Pig. B nhows the UPE rasults of the docouponition of tha mathoxide
complax, Curva n ta obtained by chonfaorbing 27 L of n:u:: at room tarpera~
ture. lleating tha surface to 573 K converts 4 inte b, Gurva b 1y Mot ical
tn width, shape, and BE with the 0(2p) resenanca obtainad fron oxidation of
As with ou at 110673 K, Tha 0{1a) BE for the specian tn curve 4 19 32,7 oV
thin shifts to £31,3 upan heating which confivea the conversion to Lulk wilde
baginning at #500 K, The 0(ls) peak area befors and after duscrption shovn
that mora than 93 2 5% of the onypen contnfned fn the sthoxida spvelon remaine

on thae nurface afcar desorphion,

L e




4.0. Conclusions

XPS, UPS and TDS techniques have been used to characterize the inter-
uo: molecularly
.1sorbs at texmperatures less than 130 K. The magnitude of the work functlon

action and thermal stability of nxucx on clean Al surfaces. CH

change, structure of the n:uo= valence regfon, and comparison of the C and

0{ls) BE's all indicate that CH,OH is chemisorbed, the suriace bond being

3
{ormed through the oxygen orbitals, without cleavage of the hydroxyl hydrogen.
urther cxposure leads to condensation where strong hydrogen bonds are known
to form. The saplitting between the C and O core level um.uunm conpared with
the gas phase values, suggeststhat this perturbation leads to small BE shifts
of the oxygen level., Deceavolution of the O and C(KVV) Auger transitions in

the condensed layer could confirm this point.

As the surface tecperature is Increased, the condensed multilayers
Zzsorb beglnning at~170 K ieaving a layer of an oxygen and carbon containing

th shifted core level Bik's and pronounced changes in the valence region
cezpared to pas phase, chemisorbed, and condensed CHzOH. This specles 1s
identifled as surface methoxide on the basis of theoretical predictions and
{nrarpretaticn of changes in the spectral features.Whether the pethoxide
layer is formed, 1i.e., cleavage of the hydroxyl hydrogen, before desoxpticn
cf the condensed mult{layers awaits further cxperimentation as does the fate
of the hydroxyl hydrogen. The methoxide complex can also be formed by n:uom
absorption at temperatures greater rhan 170 K.

The oethoxide complex is stable to w500 K but further temperature
increases lead to a decomposition of the complex concurrent with efficient
oxtdaticn of the substrate and the evolution of CH,. The 0(2p) resonance
aster this decomposition is indistinguishablz from that obtained by
oxidation of the Al substrate with cu though some residual unchsracterized

carbon remains on the surface.

As cowpared to transition metals, the abscnce of d-electrons in Al
drastically alters the adsorption behavior and tempariture stability of
ozwoz. Additional studies on metals such as Mg and Ca would furtker our
understanding of the role of d-electreons in the stability of methoxide-
like complexes. Other alcohols should also be cxamined on Al to determine {f

alkox{des are stable in general. Metals with filled d-dands are, §

not as easily oxidized as Al. Providing a methoxide complex could be

atabilized at higher temperature on such a surface, soze very interesting

chenistry could occur after co-adsorption of another species.

[
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Fizure Captions

Figure 1.

hedd
[

gure 5.

Figure 6.

0(is) and C(1s) XPS spectra for vartious exposures of
n:uoz on Al at 110K, Mg xa x-rays of energy 1253.6 eV
were used.
O0(1s) peak arca as a function of nzuoz exposure at 120K.
(a) Al(2s) peak area versus relative CH30R coverage
(from Fig.2) for nzuoz on polycrystalline Al at 120K.
Dashed line is a smooth curve through all the data
polats, Sce text for monolayer attenuation calculation.
(b) Bindfing energies for O(is), O, and C(ls), A, as a
function of CH,OH coveraze at 120K.
(c) Prak widths at half maximum for 0(ls), O, and c(ls),
B, peaks as a function of Cii400 coverage.
Gas pnasce UPS spectrum of n:uox {27) and valeuce level
aoiecular orbital representations for methanol, reproduced
vwith permission from reference (28).
He Il UPS-spectra for CH30H adsorption on clean Al under
various conditons: a) clean Al at 300K, b) low coverage
of methoxide at 300K, c) saturation coverage of methoxide
at 390K, d) chenisorbed methanol at 110K and e¢) muleflayer

zethanol at 110K. Gas phase fonization potentials [6], for

comparison with spectrum e only and .
| cefevenced to Fpdfe 8aowu at tac top., The work function

changes are as follows: b)Ad = ~0.3 eV, c) -0.9 eV,

d) -1.0 eV and e) -1.3 eV.

Behavior of 0(ls), C(ls) and Al(28) pcak areas for
Ciiq0H condensed on Al at 120K and warmed to various
temperatures. Arrow marks position of thermal desorp-~

tion maximum monitored by masa spectrometry.

o oo o

Figure 7.

Figure 8.

SR

26
0(1s) and C(ls) pecaks for adsorption of CH40H and 0,
under various conditions: a) and d) 75L CliqOH ac 300K,
b) and e) 3L CH40H ae 110K, c¢) 3L 0y ac L10K and f) 30U
CH30H at 110K plus heat to 300K,
He II UPS spectra of (a) saturacion coverage of suriace
methoxide at 300K and (b) oxide remaining after heating

saturated methoxide from 300 to 573K,
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Binding Energies (eV) of n:uo:\>w (T = 110-500 K)
CH,OH/AS

d TallOK
Orbital Gas & Chemisorbed Condensed Methoxide N > 1253 ey

22" 8.06 6.7 6.6°

7.4
7a’ 9.72 8.0

1a"/6a’ 12.53 11.0
3a° 14.72 13.4 1.2
L' 18.4 18.4
289.4 286.7 287.1

C(1s) 536.0 532,3 $32.7

B2eferenced to Ep by subtracting (¥,,+ bomanv = 2.9 ¢V from

tie zas phase IP's. The valence orbital data is from ref. 6
and the core orbital data from ref. 26.

b

>
E
w
-
Wl
e
2
-

Shifted 0.6 eV to lower BE to align the la" orbitals,

®petercined from Fig. 3b ; aee text.

dcondensed CH;0H + heat to 190 K or adsorption at 150-473K.
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